Photochemical characterization and photocatalytic properties of a nanostructure composite TiO2 Film by Habibi MH et al.
Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2007, Article ID 13653, 8 pages
doi:10.1155/2007/13653
Research Article
Photochemical Characterization and Photocatalytic Properties
of a Nanostructure Composite TiO2 Film
Mohammad Hossein Habibi,1 Mojtaba Nasr Esfahani,1 and Terry A. Egerton2
1Department of Chemistry, University of Isfahan, Isfahan 81746-73441, Iran
2 School of Chemical Engineering and Advanced Materials, University of Newcastle upon Tyne,
Bedson Building, Newcastle NE1 7RU, UK
Received 28 March 2006; Revised 11 July 2006; Accepted 9 October 2006
Recommended by Sabry Abdel-Mottalab
An efficient and new composite titania film photocatalyst was fabricated by sol-gel technique, using precalcined nanopowder tita-
nium dioxide filler mixed with a sol, spin coating, and heat treatment. The structural and photocatalytic properties of these films
were characterized using SEM, XRD, and UV/Vis spectroscopies. Problems of film inhomogenity and defects which caused peeling
and cracking during calcination because of film shrinkage were overcome by using methylcellulose (MC) as a dispersant. Com-
posite films heat-treated at approximately 500◦C have the greatest hardness values. Surface morphology of composite deposits by
scanning electron microscopy (SEM) showed that the composite films have much rougher surface than films made without MC.
Photocatalytic activities of the composites film were evaluated through the degradation of three commercial diazo textile dyes,
Light Yellow X6G (C.I. Reactive Yellow 2), Solophenyl red 3BL (C.I. Direct 80), and Tertrodirect light blue R (C.I. Direct blue 71)
as a model pollutant.
Copyright © 2007 Mohammad Hossein Habibi et al. This is an open access article distributed under the Creative Commons
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1. INTRODUCTION
Industrial textile dyes are present in wastewaters at different
concentrations. Dye pollutants in wastewaters are the prin-
cipal source of environmental aqueous contamination. They
need to be removed from wastewaters by different methods.
Photocatalysis has been successfully used to oxidize many or-
ganic pollutants and particularly to decolorize dyes. Among
the new oxidation methods or “advanced oxidation pro-
cesses” (AOP), heterogeneous photocatalysis appears as an
emerging destructive technology leading to the total miner-
alization of many organic pollutants. Some organic pollu-
tants have been shown to be degraded and ultimately miner-
alized completely under UV irradiation on nanosized titania
catalysts. Catalytic activity of titanium dioxide is based on
the electron/hole pair formed upon photo excitation. A great
deal of research has been conducted recently to optimize
the performance of the TiO2 photocatalysts with high sur-
face area [1–7]. Composite materials can often be more effi-
cient photocatalysts than pure substances. This phenomenon
arises through the generation of new active sites due to in-
teractions between titania and dopant oxides, through im-
proved mechanical strength, thermal stability, and surface
area of doped titania [8–10].
The use of slurries in wastewater treatment has some dis-
advantages: the separation of fine particles is slow and pene-
tration of light is limited. These problems can be minimized
by supporting TiO2 on various materials. Many techniques
have been developed to obtain advanced material based on
TiO2 [11–20]. Nanostructured materials are preferred over
dense structures, because of their larger active surface. The
production of nanostructured films is nowadays an estab-
lishedmethod and TiO2 nanoparticles andmesoporous films
are among the materials routinely produced through the sol-
gel chemistry processing [21–25]. It is very important to pre-
pare TiO2 films that are capable of harvesting incident light
to a great extent, and at the same time films with a high sur-
face area and porosity to increase the rate of reaction between
photogenrated species and the pollutants. Increasing the sur-
face area of film is a promising way to improve the desired
functions because almost all of these applications utilize the
chemical reactions on the surface [26, 27]. Porous TiO2 thin
and thick films with large specific surface area have attracted
more and more attention. The sol-gel process is generally
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recognized to be an efficient route for fabricating homoge-
neous porous films by incorporating organic polymer with
precursor solution [28, 29]. However these porous films are
not thick enough to satisfy the need of practical applications.
To reach required thickness of the films, the sol-gel and
dip or spin coating process is often repeated a number of
times. Another way is to increase the viscosity of the precur-
sor solution to increase the film thickness through a single
dip or spin coating. However, the tensile stress induced by
the shrinkage of the films during heat treatment may lead to
peeling off or cracking of the films when the layer is thicker.
Very low fraction of solid content (<10 vol%), suspended
in the solvent, accounts for this high rate of dimensional
change. However, the problem associated with the high rates
of shrinkage can be overcome by the introduction of a sec-
ondary phase (e.g., precalcined powder, fibers, etc.) as a filler,
to reinforce the resulting composite structure. Though this
process, not only the high values of dimensional change from
gel to dry body are reduced, but also the sol-gel derived ma-
terial, present as a thin layer coating in between the precal-
cined particles, acts as a binder to bond the entire structure.
The sol-gel derived material, present in between the neigh-
boring particles, also acts as a sintering aid to decrease the
sintering temperature. In some cases, this may result in den-
sification of the composite at relatively low temperatures, as
compared to the densification temperature of the same ma-
terial prepared through conventional methods [30]. In this
work we have increased the total surface area with the use of
a TiO2 with high surface area and the use of methylcellulose
as a template and low-cost material.
In continuation of our ongoing programme to develop
solid films for photocatalytic and photoelectrocatalytic pur-
poses [31–33], herein, we report the photochemical charac-
terization and photocatalytic activity of new nanostructure
composite TiO2 films prepared via sol-gel process and char-
acterized using SEM, XRD measurements. We have evalu-
ated the photocatalytic activities of the composites film using
three commercial diazo textile dyes, Light Yellow X6G (C.I.
Reactive Yellow 2), Solophenyl red 3BL (C.I. Direct 80), and
Tertrodirect light blue R (C.I. Direct blue 71) as a model pol-
lutant.
2. EXPERIMENTAL
2.1. Composite TiO2 nanostructure preparation
Titanium tetraisopropoxide (Ti(OPr)4 or TTP) (Aldrich,
97%), the precursor, was used without further purification.
Anhydrous ethyl alcohol was used as the solvent to prevent
fast hydrolysis of titanium alkoxide. Methylcellulose (Har-
ris Chemical) was used to increase the viscosity of the sol
and to better dispersion of TiO2 nanopowder. TTP first was
added to 10ml ethanol and 1.8ml HCl (35.5%) over five
minutes while the solution was vigorously stirred for a fur-
ther 120 minutes after the room temperature addition of
the TTP. HCl catalyst was used to control the rate of con-
densation and to prevent fast gelation of the sol. In a sepa-
rated container, methylcellulose solution (2wt. % in double
distilled deionized water was prepared. Then these two solu-
tions (titania sol and MC solution) were mixed and stirred
overnight for around 2 hours at room temperature. TiO2,
anatase nanopowder (Aldrich), stated to have a surface area
of ∼190–290m2/gr and a particle size ∼15 nm (5wt.%), was
used as filler that mixed the sol to prepare the composite
nanostructure film. TiO2 nanopowder was ultrasonically dis-
persed into the final sol. The stability of the suspension is
controlled by altering the TiO2 nanopowder and MC con-
centration. The prepared mixture was deposited on the mi-
croscope glass slides (7.5mm× 2.5mm× 1mm) by a home-
made spin coater (∼2000 rpm). The coated samples were
dried at room temperature for 1 day, and then heat treated
at 100◦C and 500◦C for 1 hours.
2.2. Catalyst characterization
Microstructures of the prepared samples, after being coated
with gold, were observed by scanning electron microscopy
(SEM) Philips XL30, operated at 20 kV, andworking distance
of minimum 4mm for the highest magnification. The phase
composition of photocatalyst was studied by plate XRD tech-
nique. The X-ray diffraction patterns were obtained on a D8
Advanced Bruker X-ray diffractometer using Cu Kα radia-
tion at an angle of 2θ from 15◦ to 60◦. The scan speed was
0.03 2θ·S−1. The strongest peaks of TiO2 corresponding to
anatase (1 0 1) were selected to evaluate the crystallinity of
the samples. The mean crystallite size Lwas determined from
the broadening β of the most intense line, for each poly-
morph, in the X-ray diffraction pattern, based on the Scherer
equation
L = kλ
β cos θ
, (1)
where λ is the radiation wavelength, k = 0.90, and θ is the
Bragg angle [34].
Evaluation of the adhesion and bonding strength be-
tween the coating and substrate has been made by using the
scratch test technique [35]. The mechanical integrity of coat-
ings (deposited by spin coating method with the same con-
trolled thickness) was measured using a Motorised Clemen
scratch tester (equipped with a tungsten carbide ball tool
1mm). Scratches were made under an applied load increas-
ing from 0 to 1000 g, for the maximum length of 50mm. The
point of coating adhesive failure was determined by visual
observation. The load at which the indenter started to scratch
the substrate surface was considered as indicative of the coat-
ing resistance to scratch failure.
2.3. Photocatalytic activity tests
The photocatalytic activity of the nanostructure TiO2 films
was evaluated by the degradation of three diazo dyes. Light
Yellow X6G dye (C.I. Reactive Yellow 2, M.W.=872.5 gr/
mol), Solophenyl red 3BL (C.I. Direct 80, M.W.=1373 g/
mol), and Tertrodirect light blue R (C.I. Direct blue 71,
M.W.= 783 gr/mol) textile dyes were obtained fromBitterfeld
(Germany), Ciba-Geigy (UK), and Crompton & Knowles
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Figure 1: (a) Chemical structure of commercial diazo dye of Light Yellow X6G (C.I. Reactive Yellow 2). (b) Chemical structure of commercial
diazo dye of Solophenyl red 3BL (C.I. Direct 80). (c) Chemical structure of commercial diazo dye of Tertrodirect light blue R (C.I. Direct
blue 71).
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Figure 2: Schematic diagram of photoreactor for degradation of diazo dyes.
Corp. (USA), respectively, as typical pollutants in the textile
industry. Dye chemical structures are shown in Figures 1(a)–
1(c).
All photocatalytic activity experiments were carried out
using a simple (40 cm ×15 cm ×15 cm) oxidation reactor
placed in a 25◦C water bath (Figure 2).
A singly coated slide was irradiated with two 8W UVA
(Philips, λ = 365 nm) lamps placed 5 cm above the solution.
Aqueous solutions of (10ml) of each dye solution with ini-
tial pH 6.0 and initial concentration of 10 ppm were stirred
continuously and samples were taken at regular interval dur-
ing irradiation and analyzed by a double beam UV–visible
spectrophotometer (Varian Cary 500 Scan) to monitor pho-
tocatalytic degradation of X6G, 3BL, and Tertrodirect light
blue R at 400, 530, and 570 nm, respectively. For compari-
son, the contaminants solution was also photolyzed in the
absence of photocatalyst to examine their stability. In that
case, the experimental results verify that the azo dyes are not
decomposed even after long-time irradiation. To evaluate the
catalytic strength changes due to immobilization of the TiO2
nanopowder and compare the films (with and without MC)
efficiency to the TiO2 nanopowder, the film weight was mea-
sured. The slurry concentration of TiO2 was then adjusted
to meet the exact quantity of TiO2 nanopowder immobi-
lized film (160 ppm), in order to safely compare the obtained
results.
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Figure 3: XRD patterns for TiO2 composite film with MC: (a) heat
treated at 100◦C and (b) heat treated at 500◦C.
3. RESULTS AND DISCUSSION
3.1. XRD and SEM characterization of nanostructure
composite TiO2 film
Different compositions of TiO2 sol prepared by altering the
molar ratio of TTP : H2O : HCl. MC addition increased the
sedimentation time of 5% powder dispersions from 1 to
70 hours and of the 10% powder from 0.5 to 10 hours. Al-
though the increased viscosity of the MC addition fluid will
lower sedimentation rates, the decreased sedimentation rate
is believed to be associated primarily with the better disper-
sion of the nanopowders that results from their steric stabi-
lization by MC.
The X-ray diffractograms of the composites prepared
from anatase nanopowder dispersed in the alkoxide sols af-
ter heat treatment are shown in Figure 3. All peaks (2θ =
25.28, 37.02, 37.80, 38.82, 48.05, 53.9, and 55.06) correspond
to known diffraction maxima of anatase. By calcination in
500◦C, the (101) peak of anatase has become sharper, which
indicates the dependence of crystallinity on the applied tem-
perature.
The average crystallite size of TiO2 was calculated by
Scherrer’s equation using the full width at half maximum
(FWHM) of the X-ray diffraction peaks at 2θ = 25.28◦ for
anatase. Typical values of anatase crystallite size of the syn-
thesized TiO2 particles on glass were 16.5 ± 0.5 nm. Similar
sizes were measured for the filler powder and for the com-
posite films, with or without MC. Therefore, the size of the
TiO2 crystallites, derived from the sol, does not affect the
size of final crystallites (shown in Table 1). The SEM image
of the surface of composite TiO2 film heat treated at 500◦C
for 60minutes (Figure 4) demonstrates the nanostructure of
composite film and shows particle size of TiO2 in SEM image
corresponding to XRD results.
The annealing process at 500◦C resulted in stronger
bond to the substrate according to the mechanical test re-
sults shown in Table 1. The resulting coating has porous
Figure 4: SEM images of the composite nanostructure TiO2 film
with MC after heat treatment at 500◦C.
microstructure (Figure 4), and therefore is resistant to crack-
ing during drying and heat treatment.
3.2. Photodegradation of various diazo dyes
A preliminary test was done to obtain a few sets of standard
control data for each dye used in the photodegradation ex-
periments. The preliminary test was carried out in the dark
using the prepared photocatalyst. The results reported in
Table 2 confirmed that the removal of dyes was insignificant
for the mentioned condition. It must be stressed that total re-
moval of the diazo dyes was not contributed by the effect of
photodegradation alone. A small portion of the removal effi-
ciency was attributable to the rapid attainment of adsorption
equilibrium of the dyes onto TiO2 composite film/glass with
Tertro direct light blue R being the most significant (6.8%).
However, when the photodegradation experiments were car-
ried out under illumination of light, total removal of pollu-
tant was enhanced significantly. Total removal of pollutant
can be attributed to more than 90% of photodegradation ca-
pability in addition to the above-mentioned surface adsorp-
tion effect.
Optimum set of parameter was used for each of the ex-
periment to investigate the effectiveness of photodegradation
process using glass loaded composite TiO2 on various types
of diazo dye. Removal efficiency of different types of dye is
reported in Figure 5. It shows that the concentration of each
type of dye decreased effectively with time.
To illustrate diazo dyes disappearance and intermedi-
ate products, we present UV visible spectrum of all three
dyes in Figures 5, 6, and 7. It is known that the color of
azo dyes such as X6G and others is determined by the azo
bonds (N=N) and their associated chromophores and aux-
ochromes [36]. The absorption peaks, corresponding to the
color of X6G, 3BL, and Tertrodirect light blue R at λmax=400,
530, and 567 nm, respectively, and another, corresponding to
Π to Π∗ transition of aromatic rings of dyes at 270 nm, were
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Table 1: Physical and chemical characteristics of composite TiO2 film, compared to TiO2 nanopowder.
Material Heat treatment conditions Scratch adhesion (g/mm2)(a) Particle size (nm)
TiO2 nanopowder
— ∼ 0 15.2
500◦C ∼ 0 16.3
Composite thick film
with sol without MC
— 7 15.3
500◦C 150 16.4
Composite thick film
with sol and MC
— 9 15.2
500◦C 200 16.3
(a)Critical linearly increasing loads.
Table 2: Preliminary test and experiments carried out applying optimum parameters. One piece of composite TiO2 film, two pieces of
blue fluorescent lamp, 10mL of each dye solution with initial pH 6.0 and initial concentration of 10 ppm, and temperature (25◦C) with
illumination time 300minutes.
Initial concentration
(ppm)
Adsorption removal(a)
(ppm/%)
Photodegradation
removal(b) (ppm/%)
Total removal(c)
(ppm/%)
Light Yellow X6G 10.45 0.051/0.5 9.945/95.2 9.996/95.7
Solophenyl red 3BL 10.33 0.072/0.7 9.679/93.7 9.751/94.4
Tertrodirect blue R 10.25 0.697/6.8 9.009/87.9 9.706/94.7
(a)Total removal in the dark using photocatalyst.
(b)Total removal-adsorption removal = photodegradation removal.
(c)Total removal under light illumination using photocatalyst applying optimum parameters.
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Figure 5: Graph C/C0 versus time, t (min) for the removal effi-
ciency of different types of dyes. One piece of composite TiO2 with
MC/glass, two pieces of blue fluorescent lamp, 10mL of each dye
solution with initial pH 6.0, initial concentration of 10 ppm, and
temperature (28◦C).
diminished and finally disappeared under reaction which in-
dicated that the dyes had been degraded. No new absorp-
tion bands appear in the visible or ultraviolet regions. As
indicated by the absorbance at 400, 530, and 567 nm, the
X6G, 3BL, and Tertrodirect light blue R, respectively, were
decolorized faster than disappearance of the absorbance at
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Figure 6: Time-dependent UV-Vis spectrum of X6G solution dur-
ing photoirradation on one piece of composite TiO2 with MC, pH
6.00, dye concentration, 10 ppm. The inset of the figure shows the
kinetic data for this dye in the presence of slurry nanopowder TiO2
(160 ppm) solution () composite thick film without MC (), and
composite thick film with MC (•).
270 nm. These results indicate that the fast decolorized dyes
were followed by much slower mineralization of intermedi-
ates formed subsequently.
UV irradiation of all of the TiO2 materials slurries, com-
posite film with or without MC resulted in an effective pho-
tocatalytic decomposition of the three azo dyes. To a first
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Table 3: Pseudo-first-order kinetic parameters of three diazo dyes photocatalytic degradation .
Dye
Composite film with MC Composite film without MC Suspension of TiO2 nanopowder (160 ppm)
Kapp×10−2
(min−1)
t1/2 (min)
Kapp×10−2
(min−1)
t1/2 (min)
Kapp×10−2
(min−1)
t1/2 (min)
Light Yellow X6G 2.77 25 2.31 30 5.47 12.7
Solophenyl red 3BL 1.80 38.5 0.77 90 5.38 12.9
Tertrodirect blue R 1.01 68.6 0.50 138.6 5.26 13.2
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Figure 7: Time-dependent UV-Vis spectrum of 3BL solution dur-
ing photoirradation on one piece of composite TiO2 with MC, pH
6.00, dye concentration, 10 ppm. The inset of the figure shows the
kinetic data for this dye in the presence of slurry nanopowder TiO2
(160 ppm) solution () composite thick film without MC (), and
composite thick film with MC (•).
approximation, the three modes of degradation (i.e., slurry
TiO2 and two composite films with andwithoutMC) seem to
follow first-order reaction kinetics, that is, plots of ln(C0/C)
versus time in the optimized conditions were linear (the in-
sets of Figures 5, 6, and 7). This is consistent with, but does
not prove, the generally held view that photodegradation
rates of chemical compounds on semiconductor surfaces fol-
low the Langmuir-Hinshelwood model [37]. The pseudo-
first-order reaction rate constants and half-life parameters
are listed in Table 3. The results show that photodegrada-
tion process using composite titanium dioxide supported on
glass is most effective in removing all three dyes. As higher
removal efficiency will have a higher apparent rate constant,
kapp value, shorter time was needed for the dye to be to-
tally photodegraded as confirmed by the half-time, t1/2 value
in Table 3. It is shown that the half-time needed to pho-
todegrade X6G is just 25minutes. It is suggested that pho-
todegradation efficiency of each dye may be affected by their
molecular size. A bigger molecular size of the dye may re-
quire prolong experimental time for it to be photodegraded
completely. Since the molecular size of 3BL is much bigger
than the X6G as shown in Figures 1(a) and 1(b) (X6G =
872.5 g/mol, 3BL = 1373 g/mol) lower removal efficiency of
it seems to be acceptable. However, Tertro direct light blue
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Figure 8: Time-dependent UV-Vis spectrum of Tertro direct light
blue solution during photoirradation on one piece of composite
TiO2 with MC, pH 6.00, dye concentration, 10 ppm. The inset of
the figure shows the kinetic data for this dye in the presence of
slurry nanopowder TiO2 (160 ppm) solution (), composite thick
film without MC (), and composite thick film with MC (•).
with molecular weight 783 g/mol has a smaller molecular
size but it has lowest photodegradation efficiency. It can be
explained that this dye is absorbed more strongly and ir-
reversibly on the surface of composite film (as shown in
Table 3) and blocked the active sites on the surface of com-
posite film to saturation and lower rates of degradation on
composite film. It was further noticed that this dye has four
SO3Na groups with three naphthalene rings to help it to ab-
sorb strongly on composite film.
To compare the photocatalytic degradation of composite
TiO2 film with nanopowder slurry, the dye solution (10ml)
was also photolyzed in the presence of a suspension (dis-
persion) of TiO2 nanopowder with the same weight of film
(0.0016 g = 160 ppm) and the results are represented in the
insets of Figures 5, 6, and 7 (). The rate constant for the
slurry is greater than that of the two films, suggesting a con-
siderably higher efficiency as photocatalyst. This may be due
to limitations of reactant diffusion or it may be because only
the external surface of the film samples is exposed to the pol-
lutant solution and therefore the effective area is much less
than the (190–290m2/g) of the TiO2 nanopowder.
All of the insets of Figures 6, 7, and 8 ( and •) demon-
strate that the rate constant for the composite film with MC
is greater than that of the film without MC. It is possible that
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the increased activity of the MC additioned film for pho-
todegradation of these three azo dyes is due to its greater
porosity, nanostructure (as is seen in Figure 4) and that the
higher photoefficiency is due to the greater accessible surface
area. The results as plotted seem to be in the reverse order.
Even if the rates are greater for MC film, the difference is re-
ally significant.
4. CONCLUSION
It is evident that the photocatalytic degradation of vari-
ous diazo dyes illuminated by UVA fluorescent lamp gives
a promising result in the presence of nanostructure TiO2
composite coated on glass plates. This new composite ti-
tania film photocatalysts were fabricated by sol-gel tech-
nique, using precalcined nanopowder titanium dioxide filler
mixed with a sol and heat treatment by spin coating. The
structural and photocatalytic properties of these films were
characterized using SEM, XRD, and UV/Vis spectroscopies.
Composite films with MC as dispersant heat treated at ap-
proximately 500◦C have the greatest hardness values. Surface
morphology of composite deposits by scanning electron mi-
croscopy (SEM) showed that the composite films have much
rougher surface than films made without methylcellulose.
Photocatalytic activities of the composites film were evalu-
ated through the degradation of a textile dye, Light Yellow
X6G (C.I. Reactive Yellow 2) as a model pollutant.
Therefore, although surface active site TiO2 decreases
with immobilization (coating on a substrate) with using
nanopowder TiO2 with high surface area, we can almost
modify this reduction in surface area of a TiO2 film.
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